Abstract. In this study the composition of nanostructures generated owing to ablation of crystalline silicon using high repletion rate femtosecond laser under ambient condition is investigated. The web-like silicon fibrous nanostructures are formed in and around the laser irradiated area. Electron Microscopy investigation revealed that the nanostructures are made of nanoparticles of size about 40 nm. In addition Micro-Raman analysis shows that the nanofibrous structures comprises a mixture of amorphous and polycrystalline silicon. X-ray photoelectron spectroscopy analysis reveals the oxidized and un-oxidized elemental states of silicon in the nanostructures. Moreover web-like fibrous nanostructures are generated due to condensation of super saturated vapour and subsequent nucleus growth in the laser induced plasma plume.
Introduction
Recently semiconductor nanostructures have gained interest owing to their exceptional electronic properties. For instance silicon nanostructures find applications in areas like nano-electronics [1] , photovoltaic devices [2] , memory devices [3] and sensors [4] . Several methods have been investigated for the fabrication of silicon nanostructures such as slow combustion of silane [5] , reduction of SiCl 4 by Na [6] , separation from porous Si [7] , thermal evaporation [8] , chemical vapour deposition [9] , microwave discharge [10] , RF sputtering [11] , and high temperature aerosol techniques [12] . Studies have demonstrated that processing of materials using ultrafast laser pulses is a feasible route for the fabrication nanostructures with diverse materials [13] . Synthesis of crystalline silicon nanostructures using femtosecond laser pulses at KHz pulse repetition rate under vacuum in a gaseous environment is reported [14] [15] [16] [17] . Recently a competent approach for increasing the rate of production and size reduction of silicon nanoparticles using femtosecond double-pulse laser ablation of silicon in ethanol is proposed [18] . Synthesis of silicon nanoparticles (Si NPs) by ablating porous silicon (pSi) in acetone using femtosecond laser pulses is reported [19] . With femtosecond laser pulse irradiation, materials reach extreme temperature and pressure in a very short time and also cool down rapidly. As a result states of materials which cannot be produced with laser pulses of extended duration are generated. Moreover processing of materials with femtosecond pulses results in minimal thermal and mechanical damage around the processed zone. This is due to the fact that material transformation from solid to vapour / plasma prevents formation of liquid phase, and hence reduces effects due to thermal stress in the irradiated region. In recent times, investigations on irradiation of crystalline Si with ultrafast laser pulses at MHz pulse repetition rate in air shows formation of nanofibrous structures [20, 21] . By coupling vaporization of material by femtosecond laser pulses with controlled condensation from supersaturated vapour, size of the nanoparticles and formation of web-like structure can be controlled [22] . However for application point of view, it is essential to have a complete understanding of structural and compositional details of the fibrous nanostructures. In this context, the present study is aimed to investigate structural and chemical composition of silicon nanofibrous structures synthesized using MHz femtosecond laser pulses.
Experimental methods
The experimental setup used for this work is shown in Fig. 1 . The laser source is a diode-pumped Yb-doped fiber oscillator/amplifier system (1030 nm) capable of producing maximum pulse energy up to 10 mJ. The pulse repetition rate can be varied from 200 kHz to 25 MHz. The sample used was crystalline silicon wafer with < 100 > crystal orientation. The average power of laser was 7 W with a repetition rate of 4 MHz, pulse width 214 fs and interaction time is 0.1 ms. The laser beam is having Gaussian intensity profile and focused with 70 mm focal length lens. The focussed laser spot size is 10 Pm and estimated fluence was 2. controlled galvanometer system is used to irradiate the sample surface in air with an array of laser spots separated by a distance of 20 μ m. Three samples were prepared with same laser parameters. First one was characterized using Raman spectroscopy followed by Scanning Electron Microscopy (SEM). The second and third samples were used for Transmission Electron Microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) analysis. A JY Horriba LabRam system having frequency-doubled diode pumped Nd: YAG laser of 532 nm wavelength is used for MicroRaman investigations. The Raman scattered signal from sample surface is directed to spectrometer through confocal aperture. For TEM analysis, nanofibros structures were transferred to isopropanol solution by ultrasonification. Then a drop of solution in which nanostructures are dispersed was kept on copper grid and dried in air. XPS analysis was performed using a Thermo Scientific K-Alpha XPS spectrometer with AVANTAGE software for data acquisition and analysis. The samples were run at a take-off angle (relative to the surface) of 90 o . A monochromatic Al KD X-ray source was used, with a spot area (on a 90 o sample) of 400 μ m 2 . 
Results and discussion
The nonlinear interaction of ultrafast laser pulses with silicon generates free electrons by Multiphoton and avalanche ionization processes. When number of electrons increases, absorption is dominated by Inverse Bremsstrahlung [23] . The electrons in quasi-equilibrium cool down by phonons emission at time of the order of 10 −13 to 10 −12 s. Further equilibrium is reached by phonon relaxation due to their interaction with other phonon modes. The energy distribution at this stage is characterized by surface temperature of the sample. Moreover thermal equilibrium is reached within few picoseconds of laser energy deposition. After thermalization, the spatial energy distribution is characterized by temperature profile of the material. With femtosecond laser irradiation, this process is determined by optical absorption profile of silicon and hence steep temperature gradients could be produced. Thermal diffusion in the material takes place at time of the order of 10 −11 s. The entire process depends on optical and thermal properties of Si. In addition with multipulse irradiation, absorption of incident radiation increases significantly after the first pulse. The heating rate of semiconductors irradiated with ultrafast laser pulses is of the order of 10 14 K/s [24] . Thus material is vaporized from the target into a plasma plume under ambient condition. Then condensation of saturated vapor begins by nucleation and subsequent growth of the nucleus is controlled by fast quenching. Hence nanoparticles are formed and redeposited on the surface of material. However for nanoparticles to fuse and form as fibrous nanostructures, a continuous source of vapour is needed to maintain the nucleus density at certain level. The required conditions for web-like fibrous nanostructure generation is provided by parameters which includes laser power, pulse repetition rate and laser interaction time with material. The basic nanoparticles formation mechanisms with irradiation of ultrafast laser pulses discussed are particles that are directly ejected from by expulsion of molten material from the irradiated area and/or particles formed by nucleation in the vapour of laser generated plasma [25, 26] . In the present experiment, the irradiation of silicon surface with MHz repetition rate femtosecond laser pulses maintains a supersaturated vapour system against the atmospheric pressure. Consequently the non-equilibrium homogeneous nucleation process was initiated which brings the system to a new equilibrium state. In this process small liquid particles of silicon atoms are formed in the supersaturated vapour. While forming this new phase the energy of the system lowers and is proportional to volume of the new phase. The critical radius of nuclei formed through homogeneous nucleation and duration of particle growth depends on cooling rate of vapour plume and determines size of the nanoparticles. Since the samples are irradiated under ambient conditions, the cooling rate of vapour plume is very fast. As a result the size of the particles generated due to femtosecond laser ablation is very small. In addition the size and solidification time of nanoparticles determines self-assembly and porosity during redeposition as web-like fibrous nanostructures. In addition, relatively larger size nanoparticles are generated by expulsion of molten material from the irradiated area [26] . Either of these processes dominates depending on laser radiation fluence and pulse repetition rate. The fibrous nanostructures formed are piled up in and around the irradiated spot as shown in Fig. 2a . A higher magnification SEM image reveals individual strands of nanostructure, self-assembly and porosity (Fig. 2b) . TEM image of nanoparticles that constitute the fibrous structure is depicted in Fig. 2c . The particles have not shown any partial coalescence with each other. Electron diffraction of nanoparticles shows that they are amorphous in nature. 
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The presence of amorphous silicon as well as residual stresses in materials can be detected using Raman spectroscopy analysis [27] . The inelastic scattering of photons from laser radiation with lattice vibrations (phonons) of materials results Raman scattering. In the case of single crystals, phonons travel through lattice as wave and show dispersion which depend on their wavelength. In a polycrystalline material, the phonon propagation is interrupted at the grain boundary and confined within the grain. Nevertheless, from phonons point of view, a polycrystalline sample with micron grain size can be treated as a bulk crystal. In materials, when the grain size is smaller than 20 lattice parameters, consequences of phonon confinement are noticeable in the vibrational spectra. During laser irradiation of materials with fluence below melting threshold, phonons are excited due to a small part of energy. The excess energy outflows as radiation with slightly higher wavelength as compared to incident radiation. This difference in energy corresponds to vibrational energy of irradiated material. Consequently the frequency shift observed in Raman spectra of material reflects characteristics of bonds. Further the scattered frequencies reveal information about structure, defects and microstrain of the material. In crystalline solids, the incident photon momentum is negligibly small as conservation momentum selects phonons with zero momentum. Raman spectrum of crystalline silicon exhibits peak at 518.3 cm −1 (Fig. 3) due to optical phonons with zero momentum. , 100 nm respectively [28] . The crosssectional SEM image (Fig. 2a) shows that the thickness of nanofibrous structure layer is around 20 microns. Consequently the peak in Raman spectrum appears at 518.3 cm −1 is mainly due to polycrystalline Si present in the layer. Moreover the layer consists of both amorphous and polycrystalline Si. From the intensity ratio, it can be concluded that there is significant contribution from a-Si as compared to pc-Si in the nanofibrous structure. The surface elemental composition, electronic and chemical states of both laser irradiated and untreated samples were analyzed using XPS. The spectra are obtained by signals from surface / near surface layers of sample and hence would be able to distinguish between surface and substrate composition. In Fig. 4 the XPS survey spectra of unprocessed and laser irradiated samples are depicted. Both the surfaces are composed of silicon, oxygen, and carbon elements. Further Fig. 5 shows high resolution spectra of Si (2p) of both the samples. All the spectra were fitted with Gaussian functions to deconvolute component peaks for each type at its appropriate location and background was removed by Shirley subtraction method. In the Si 2p spectra of both samples, two peaks corresponding to SiO 2 and Si-Si are observed [29] . The equivalent separations between these peaks are ∼ 3.7 and ∼ 4.7 eV respectively for unprocessed and laser irradiated samples. Further four possible oxidized and unoxidized states of silicon were identified. In the unprocessed sample the elemental Si states are specified by BE peaks at 99.2 and 99.8 eV while oxidized silicon states are identified at 102.9 and 103.5 eV. The oxidized and unoxidized atomic concentrations are 81.6 and 18.4 % respectively. On the other hand with laser irradiated surfaces, elemental peaks are at 99.3 and 100 eV whereas oxidized peaks are identified at 104.3 and 104.9 eV. The corresponding atomic concentrations of elemental and oxidized silicon 01001-p.3 are 4.2 and 95.8 % respectively. For unprocessed sample the signal from elemental unoxidized Si is much stronger than the oxidized Si peak (Fig. 5a) . In other words, signal from silicon substrate is significant due to thin oxide layer. On the other hand, the oxide layer of nanofibrous structures has become thicker and accounts for a stronger signal from the oxidized state (Fig. 5b) . Since XPS measurements analyze only the surface layer of few nanometres thick, the difference between spectra confirms the generation of oxidized fibrous nanofibrous structures with femtosecond laser irradiation of crystalline Si under ambient condition. The analysis shows that, nanoparticles were oxidized during nucleation process. This is due to the fact that Si species in the high temperature plasma plume possess greater affinity towards oxygen present in the atmosphere. In addition the oxygen atoms and ions could also diffuse into nanoparticles during the process. The complete oxidation state of nanostructures is more stable as compared to intermediate oxidation states.
Conclusions
The constituents and chemical composition Si fibrous nanostructures synthesized by irradiation of crystalline silicon with MHz repetition rate femtosecond laser pulses under ambient condition is investigated. Electron microscopy investigation reveals that the fibrous nanostructures are observed inside and around the laser irradiated area. Moreover the strand of nanostructures is comprises of amorphous and polycrystalline silicon nanoparticles. The results are further evidenced by Micro-Raman spectroscopy analysis. The Raman spectrum contains peaks that corresponds to amorphous and polycrystalline silicon. The chemical analysis revealed the higher proportion of oxidized silicon states of nanostructures as compared to elemental silicon states.
